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Pearse et al. find that defense variability reduces the performance of an herbivore. Their study suggests that constraints to physiological tracking explain the impact of variable defenses better than nonlinear averaging. These results hint at why plant communities with diverse defenses suffer less herbivore damage than agricultural monocultures.
SUMMARY
Defensive variability of crops and natural systems can alter herbivore communities and reduce herbivory [1, 2] . However, it is still unknown how defense variability translates into herbivore suppression. Nonlinear averaging and constraints in physiological tracking (also more generally called time-dependent effects) are the two mechanisms by which defense variability might impact herbivores [3, 4] . We conducted a set of experiments manipulating the mean and variability of a plant defense, showing that defense variability does suppress herbivore performance and that it does so through physiological tracking effects that cannot be explained by nonlinear averaging. While nonlinear averaging predicted higher or the same herbivore performance on a variable defense than on an invariable defense, we show that variability actually decreased herbivore performance and population growth rate. Defense variability reduces herbivore performance in a way that is more than the average of its parts. This is consistent with constraints in physiological matching of detoxification systems for herbivores experiencing variable toxin levels in their diet and represents a more generalizable way of understanding the impacts of variability on herbivory [5] . Increasing defense variability in croplands at a scale encountered by individual herbivores can suppress herbivory, even if that is not anticipated by nonlinear averaging.
RESULTS
Plant defense is one of the key determinants of the success of herbivores [6] . The ability of plants to invest in traits that negatively affect herbivores underlies our fundamental understanding of trophic regulation, our capacity to anticipate the consequences of changes to plant communities, and our ability to protect crops [7] [8] [9] . Nevertheless, despite the observation of tremendous variation in defensive traits both among plants and within individuals as well as complex herbivore reponses to that variation in defense [10, 11] , the vast majority of studies of plant defense focus on mean values of defense. The implicit assumption of this approach is that defense variability, either within or between individual plants, does not matter to herbivores. By carefully considering the ways in which defense variability impacts herbivore performance, we can begin to harness the effects of variability in protecting crops and managing ecosystems [4] .
Variability in plant traits can affect herbivores via two types of mechanisms: nonlinear averaging (also referred to as Jensen's inequality or the fallacy of averages) and constraints in physiological tracking (more broadly referred to as time-dependent effects or time-scale dependent effects) [3, 5, [12] [13] [14] [15] . The basis of nonlinear averaging models of variability is that when the relationship between levels of a plant trait and herbivore performance is nonlinear, the estimated effect of a variable trait will be different from that of a constant trait at the same mean value (Figure 1) . In cases in which the trait-herbivore performance relationship is accelerating (the marginal effect of the trait is greater with greater trait values), variable traits are expected to increase herbivore performance relative to the same mean trait. In cases where the relationship is decelerating (the marginal effect of the trait is lesser with greater trait values), variable traits are expected to suppress herbivore performance relative to the same mean trait. In contrast, a linear relationship between a trait and herbivore performance would result in no effect of variability beyond that of the mean value.
Constraints on an herbivore's response time to changing plant traits due to physiological tracking and other time-dependent effects provide an alternate and likely more generalizable mechanism by which plant variability affects herbivores [5] (Figure 2 ). While nonlinear averaging assumes that the effect of variability is determined by the shape of the trait-performance curve, physiological tracking effects suggest that variability may influence performance in emergent ways due to the difficulties that organisms face in tracking a variable environment over time [3, 15, 16] . For example, because ectotherms slowly acclimate to hot or cold environments, their physiology has difficulty in quickly tracking and responding to temperature variability [14, 16] . Analogously, herbivore digestive physiology may be constrained in its ability to track variation in plant defense, known as the gut acclimation hypothesis [5] . Herbivores may adjust to variable plant defenses by inducing detoxification enzymes that metabolize plant defense chemistry [17, 18] . At the same time, maintaining elevated detoxification capabilities are thought to be costly to the herbivore [19] . Because there is a substantial lag time in the induction and relaxation of detoxification systems ranging from hours to days [17, 20] , variability of defense may cause a greater mismatch between plant defense and detoxification to the detriment of the herbivore.
Using artificial diets containing differing concentrations of the furanocoumarin xanthotoxin, a well-studied plant defense [21-23], we tested whether variation in the concentration of xanthotoxin affected the performance of the herbivore Trichoplusia ni and whether the effect of toxin variability was due to nonlinear averaging or physiological tracking effects of variability. T. ni is a polyphagous herbivore whose diet includes plants such as Pastinaca sativa that contain xanthotoxin [24] . We conducted two experiments manipulating (1) the mean and (2) the variability of xanthotoxin encountered by T. ni in the diets (see Supplemental Information). The mean manipulation experiment consisted of rearing T. ni caterpillars on either 0 mg/g, 0.5 mg/g, 1.0 mg/g, 1.5 mg/g, or 2.0 mg/g (mg xanthotoxin/g diet); these concentrations are within the range encountered in field populations of P. sativa [25] . The variability of xanthotoxin was manipulated by switching T. ni caterpillars between diets every 3 days throughout their development. Variability treatments had the same mean (1.0 mg/g) xanthotoxin concentration,y but different variabilities-no variability (1.0 mg/g and 1.0 mg/g; SD = 0), low variability (0.5 mg/g and 1.5 mg/g; SD = 0.7), high variability (0 mg/g and 2.0 mg/g; SD = 1.4). Using the experiment manipulating the mean, we calculated the expected effect of xanthotoxin variability based on nonlinear averaging and compared this to the observed effect of diet variability. The experimental design allows us to explicitly test (1) the extent to which defense variability and average suppresses herbivore performance, (2) whether effects of defense variability are explained by nonlinear averaging or must be due to emergent physiological tracking effects, and (3) whether the order in which variabile defenses are experienced impacts herbivore performance.
Consumption of highly variable xanthotoxin diets resulted in lower larval growth rates, longer development times, lower fecundities, and decreased population growth rate of T. ni (Figure 3 , variability panels). Diets consisting of greater mean xanthotoxin concentrations also suppressed T. ni. performance ( Figure 3 , mean panels). Akaike Information Criterion (AIC) of models of growth rate and egg production was minimized using a log-transformed fit, and AIC of the model of pupation day was minimized with a linear fit, suggesting an accelerating or linear relationship between xanthotoxin and individual components of performance ( Figure 3 , mean panels). Thus, nonlinear averaging predicted either no effect of xanthotoxin variability on T. ni performance (development time) or a positive effect of xanthotoxin variability on T. ni performance (all other performance measures) ( Figure 3 , variability panels). We found that the expectations of nonlinear averaging differed significantly and were typically in the opposite direction from those that were observed in feeding trials with variable diets (Figure 3 , variability panels). Individual performance measures were positively correlated with the exception of pupal mass (Table S1 ). Results were robust to log-transformation of performance metrics to account for the multiplicative nature of growth rates (Table S2 ). The effects of variable xanthotoxin treatments differed in all cases from the lowest value of xanthotoxin in those treatments (Table S3) . Of the four performance measures, two measures (growth rate and time to pupation) differed between variable xanthotoxin diets and the highest value of xanthotoxin in those treatments (Table S3) , whereas the other two (egg production and population growth rate) did not, suggesting that variable xanthotoxin diets were nearly (but not quite) as bad for caterpillar performance as high xanthotoxin diets even though the ''investment'' in xanthotoxin in variable treatments was only half as much as in high xanthotoxin treatments.
Physiological tracking effects may cause differences in performance based on the order of defense variation encountered (i.e., low first then high versus high first then low) because the ability of an herbivore to cope with a variable defense may improve as it grows older [26] , whereas nonlinear averaging assumes that the order of defense variability will not matter. Within our variability treatments, we manipulated the order of xanthotoxin defense levels (low-high or high-low) that T. ni caterpillars experienced. The order of defense variability did not affect larval growth rate (F 1,74 = 2.1, p = 0.153) or fecundity (F 1,32 = 0.07, p = 0.792), but high-low treatments resulted in slower herbivore development times than low-high treatments (F 1 , 68 = 5.32, p = 0.024), suggesting some cost to herbivores experiencing high levels of defense earlier in development compared to those experiencing high defense later in development.
DISCUSSION
Our study clearly demonstrates that defense variability suppresses the performance of an herbivore and that constraints imposed by physiological tracking, as opposed to nonlinear averaging, drive the effect of plant defense variability on an herbivore. Thus, our study suggests caution in modeling the effects of variability based either on the mean of defense or based purely on the expectations of nonlinear averaging without understanding the underlying mechanism linking defense variability to herbivore performance. This contrasts with a past study on variability of nutrient availability in herbivore diets, in which nonlinear averaging accurately approximated herbivore responses to variable diets [27] .
In cases where time-dependent effects such as physiological tracking impact plant-herbivore interactions (i.e., when the effect of variability does not match the expectations of nonlinear averaging), there is likely scale dependence of the effect of variability (Figure 2 ). Based on our results, in a population of herbivores that each experience defense variability, we would predict a reduction in population growth rate beyond the expectations of nonlinear averaging. However, in a population of herbivores randomly dispersed in a variable defense environment, where each herbivore only experiences a single level of defense, we would expect that variability would affect herbivore populations as predicted by nonlinear averaging. Nevertheless, even in cases in which feeding herbivores do not experience variability, other mechanisms may cause deviations from the expectation of nonlinear averaging. For example, diversity in managed forest systems can make it more difficult for herbivores to find hosts because non-host volatiles mask the identity of hosts [28] . Likewise, defense variability may cause differences in herbivore movement and increase top-down pressure from predators [5] . We highlight spatial and temporal scales at which defense variability will matter to an herbivore, where nonlinear averaging might predict the effect of variability, and where time-dependent effects of variability could affect herbivores (Figure 2) .
Physiological tracking constraints imply lagged dynamics between herbivore digestion and a variable plant defense. Based on this process, defense dynamics that result in the same defense variance and mean could lead to differences in herbivore performance. We found this to be true in that the phase (or order) of xanthotoxin concentrations presented to herbivores affected development time, even if the variance and mean were held constant. A trend in our study was that herbivore performance on a variable diet tended to be more similar to its development on the maximum value of that diet than on the minimum value, though often the effect of variability was still intermediate to the extreme values of xanthotoxin (Table S3 ). It will be useful to establish a general model that can explain all of the ways in which differences in defense dynamics affect herbivore performance by explicitly examining the lag times that digestion or growth exhibit when herbivores experience variable diets.
Agricultural intensification dramatically decreases genetic and functional diversity well below that of most natural plant communities or traditional agricultural systems. These systems are highly susceptible to pest outbreaks and are often unsustainable in the absence of costly pesticide applications [2, 29] . The loss of Temporal and spatial scales of variability in plant defense range from seconds to years and cells to regions. At small scales, defense variability may not be perceived by an herbivore. At intermediate scales (as in the present study), constraints in physiological tracking and behavior can suppress an herbivore's ability to cope with defense variability. At large scales, evolutionary processes such as local adaptation cause herbivores to differ among plant populations with different defenses. Scales of effects will depend on the size and mobility of the herbivore as well as based on the speed at which the herbivore encounters extremes in plant traits. 
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Left: Greater xanthotoxin means decreased the growth rate, increased development time, reduced fecundity, and suppressed population growth rates of T. ni. Right: Greater xanthotoxin variability also decreased growth rate, increased development time, reduced fecundity, and suppressed population growth, whereas the expectations from nonlinear averaging (calculated from the herbivore response to the mean manipulation experiments) were that variability should increase or be neutral to T. ni performance. Bars and confidence envelopes show standard error. See Tables S1-S3 for additional details. crop diversity, and the resulting trait variability, has long been recognized as a key factor leading to increased pest pressure in agricultural monocultures [1, 2] . In a recent meta-analysis using nonlinear averaging, the shape of the plant trait-herbivore performance relationship suggested that plant nutritive traits, but not defensive traits, were how intraspecific plant trait diversity suppresses herbivores [4] . This led to the recommendation that increasing diversity of nutritive traits, but not defensive traits, would be the key to engineering trait variability into agricultural systems in order to suppress pests [4] . Limiting nutrient content in plants, while deleterious to herbivores, is also strongly associated with slow growth and yield costs to plants, such that increasing nutrient variability would inevitably lead to yield decreases [30, 31] .
Our study casts a more optimistic light on the ability to use trait diversity to suppress pests in agricultural systems because we show that a variable plant defense suppresses herbivore performance even when nonlinear averaging predicts that it should not. This provides a substantial opportunity for agriculture because many plant defenses do not come with the direct fecundity or yield costs that are pervasive for low nutrient values [32] . However, we also suggest that the scale of defense variability will be a critical component to the efficacy of defense variability as a mechanism of crop protection. Breeding for trait variability within plants or planting seed mixtures such that adjacent plants have different defense levels is expected to be effective in suppressing herbivores. Such practices are already being developed to reduce resistance evolution in pests of Bt-crops [33] . We show that increases in defense diversity within fields will likely have immediate ecological benefits in terms of pest suppression as well.
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METHOD DETAILS
Xanthotoxin diets were based on an established T. ni artificial diet [34] (Materials Table) . Xanthotoxin (8-methoxypsoralen) was added to diet to establish five concentrations of xanthotoxin (0, 0.5, 1.0, 1.5, 2.0 mg / g). T. ni individuals commonly feed among neighboring plants, and thus likely experience variation in defenses at the same or even greater magnitude than manipulated in this study [22] . Likewise, within plant variation in xanthotoxin concentration can vary over four fold, and xanthotoxin concentrations in foliage change with induction status and ontogeny [35] , suggesting that even caterpillars that feed within individual plants will be exposed to high variation in defense concentrations in their diet. Xanthotoxin concentrations were based on a past study [22] that exploited the range of naturally occurring xanthotoxin concentrations in apiaceaeous plants, on which T. ni has been observed to feed. Our T. ni colony was established from an ongoing laboratory colony at the University of Georgia. The colony was maintained for one generation on artificial diet lacking xanthotoxin. Colonies and experiments were reared in an incubator set at 25 C and a LD 16:8 h photoperiod. Adults were mated randomly and the eggs laid by 10-15 female moths were used in the experimental study. On 10 Feb 2017, neonate caterpillars were transferred to 36 mL diet cups randomized within experiment (mean xanthotoxin experiment or variability experiment). For the mean xanthotoxin experiment, caterpillars were reared individually on 40 replicate diet cups / treatment containing 10 mL of artificial diet with one of the five xanthotoxin concentrations. For the xanthotoxin variability experiment, we randomly assigned individual caterpillars (n = 40/treatment) to one of three treatments: 1) no variability, in which caterpillars were switched between separate 1 mg/g xanthotoxin diet every three days, 2) low variability, in which caterpillars were switched between 0.5 and 1.5 mg / mL xanthotoxin diets every three days, and 3) REAGENT high variability, in which caterpillars were switched between 0 mg / mL and 2 mg / mL diet every three days. Within the low and high variability xanthotoxin treatments, we initiated half of the replicates (n = 20/sub-treatment) on the lower of the two diets and half (n = 20/sub-treatment) on the higher of the two diets, resulting in a planned contrast within variability treatments. Because of mortality due to handling of neonate caterpillars, caterpillars that died within the first six days were replaced. Growth rate was assessed as the caterpillar mass six days after initiation of the experiment. Time to pupation was recorded in days, pupae were removed from silk casings and sexed based on the presence of a pupal bursal scar, and adults were mated randomly within treatment in 500 mL mating chambers. Adult females were fed daily with a honey-water solution on cotton and allowed to lay eggs; eggs were counted daily until the death of the female. Sample sizes differed slightly among treatments due to mortality.
QUANTIFICATION AND STATISTICAL ANALYSIS
We compared responses of variability treatments using ANOVAs and Dunnett's post hoc comparisons. For visualization of mean xanthotoxin-performance relationship, we constructed models where responses (growth rate, pupation day, and fecundity) were predicted by xanthotoxin concentration as a quantitative predictor. We checked for linearity of the xanthotoxin-performance relationship by comparing AIC model fit between a simple linear model, a quadratic effect model, and a model with a log transformed (+ 0.01) effect of xanthotoxin. We calculated finite population growth rate (e r ) of T. ni for each level of xanthotoxin mean or xanthotoxin variability using the formula (s*F)/(T r /2), where s is the proportional survival to reproduction, F is the female fecundity, and T r is the time (in days) until reproduction. Error was propagated using standard formulas assuming additive variance [36] . We calculated the expected effect of diet variability based on Jensen's inequality on performance components and population growth by calculating the mean ± SE performance at the two diet components that comprised the variable treatment (as shown in Figure 1 ). This provides the correct expectation for caterpillar performance on a variable diet if nonlinear averaging explains all effects of diet variability. We compared expected performance on a variable diet with observed performance using a t test. In initial models, we observed no sexual dimorphism in growth rate (F 1,108 = 0.20,p = 0.66) or pupation day (F 1,108 = 1.1, p = 0.29), and therefore lumped male and female estimates in the same analyses. We used planned orthogonal contrasts that were developed to compare the phase of variability (whether variable treatments were initiated with the higher or lower xanthotoxin level) to test. We constructed ANOVA models in which the response variable was predicted by the interactive effect of variability amount (high or low) and the variability phase (beginning with high or low).
In Figure 3 , we present results assuming a normal distribution of performance values. While model residuals approximated a normal distribution, there is a priori reason to expect a log-normal distribution of growth rate and fecundity because growth is inherently a multiplicative process. Therefore, we also assessed log-transformed performance measures in Table S2 . Doing so affects the way in which error is propagated when calculating the expectation of nonlinear averaging for variability treatments. We used a parametric bootstrapping procedure as described by Denny 2017 and in detail by to propagate error, and we used a bootstrapped t test to assess significance of differences between expected values of nonlinear averaging and observed effects of variability. 
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